Microbial diversity
Introduction
Marine fungi act as decomposers of complex organic matter in the water column and sediment, colonists of drifting wood, and symbionts or parasites of phytoplankton, plants and animals, and thus play a vital role in the functioning of coastal ecosystems (Hyde, 2002; Raghukumar, 2008; Wang and Johnson, 2009; Jobard et al., 2010; Gleason et al., 2011; Jones and Pang, 2012) . While our knowledge of the diversity of culturable marine fungi has been furthered by morphology-based surveys (e.g., Raveendran and Manimohan, 2007; Jones et al., 2009; Pang et al., 2010; Velez et al., 2013) , the recent application of culture-independent techniques has advanced our understanding of the diversity and ecology of fungi in a range of coastal habitats (Pang and Mitchell, 2005; Richards et al., 2012; Manohar and Raghukumar, 2013) . By using rDNA-based community profiling methods, library construction and sequencing, novel fungal lineages and phylotypes and specific community compositions have been revealed in association with brown algae (Zuccaro et al., 2004) , sponges (Gao et al., 2008) and coral (Amend et al., 2012) , in the water column of the Hawaiian coast (Gao et al., 2010) and oxygen-depleted regions of the Arabian Sea . A new fungal phylum, the Cryptomycota, has been proposed for some of the lower fungi frequently detected in environmental samples (Jones et al., 2011) . Rich fungal populations in anoxic mangrove sediments have been detected (Arfi et al., 2012) and the distribution patterns of fungi in either the water column or sediments have also been studied (e.g., Gao et al., 2010; Mohamed and Martiny, 2011) . Nevertheless, little is known about the distinctive communities of fungi in water and sediment within a given aquatic ecosystem.
Coastal ecosystems receiving massive terrestrial nutrients and organic matter from land are facing increasingly intensive pressures from human activities and climate changes. One of the most intensive human activities affecting coastal zones is land based and off shore aquaculture, of which China has the largest output in the world. Microbes have been a focus for research in aquaculture systems because of their roles in nutrient cycling, water quality, disease control and environmental impact of the resulting effluent (Moriarty, 1997) . However, fungi in aquaculture systems have rarely been investigated using molecular approaches, and the mechanisms controlling the fungal communities of these systems remain poorly understood.
In this study, we have documented, for the first time, the molecular diversity and community composition of fungi in a mariculture environment by taking the semi-intensive aquaculture system as a model. We hypothesized that: (1) the fungal communities in the coastal aquaculture environment were habitat-related, with community differences between water and sediment, and between farming and non-farming ponds; and (2) different environmental factors regulated the dynamics of fungal communities in water and sediment.
Materials and methods

Study sites and sampling
The sea cucumber farming system, located in Yantai, Shandong Province, northern China (37 26 0 44 00 N, 121 32 0 4 00 E), consisted of two ponds: a farming pond (FP) where the holothurians were farmed, and a supply pond (SP) which had a consistent volume of seawater but no cultured organisms throughout the year. Both ponds are elongate in outline, with a distance of about 1 km to the coastline. These two ponds were connected with a 50 m long canal, through which the FP could receive "raw" water from the SP under management. The SP is larger than the FP, with an area of about 30 and 18 km 2 , respectively (Fig 1) . Both ponds had been used for sea cucumber farming for about 5 yr, with water depths around 1.2 m and sandy sediment.
A total of six sites (AeC and DeF in the sea cucumber farming pond and the supplying pond, respectively) were sampled on three dates: 7 Oct. and 5 Nov. 2012, and 10 Jan. 2013, corresponding to the stages at which the sea cucumbers were fed with artificial diets, and the non-feeding, and wintering periods, respectively (Fig 1) . At each site, about 2 l of surface water was pre-filtered through a 20 mm mesh to remove large plankton and particles, and subsequently filtered onto a 0.2 mm pore membrane (PALL, USA) under vacuum. The membrane was immediately put into a sterile tube. Sediment was collected by coring, and the surface layers (top 2 cm) were put into a sterile plastic bag. The collected samples were stored at À80 C until DNA extraction. Filtered water was maintained at 4 C and brought back to the laboratory for chemical analysis. We were unable to obtain samples from sites C and F on the third sampling date due to accessibility issues. Thus, a total of 32 water and sediment samples, thereafter referred to as A1-W, A1-S (the water and sediment samples collected in the first sampling at site A) and so on, were investigated and analyzed (see Table 1 ).
Determination of environmental variables
Water temperature (Temp), salinity (Sal), concentrations of dissolved oxygen (DO) and chlorophyll a (Chl-a) in surface waters were measured on site with an electronic probe (Hydrolab MS5, Hach, USA). Porewater in sediments was extracted by centrifugation and total organic carbon (TOC) was measured with the Shimadu TOC VCPH. Dissolved inorganic nitrogen species (NH 4 þ , NO 3 À and NO 2 À ), dissolved silicate (DSi) and soluble reactive phosphorus (PO 4 3À ) were determined by autoanalyser III (Seal, Germany).
DNA extraction and PCR amplification
The environmental DNA in the sediment and water samples was extracted using the Fast DNASpin Kit for soil (MP Biomedicals, Irvine, CA, USA) following the manufacturer's
Fig 1 e Location of study sites in a sea cucumber farming pond (AeC) and a supply pond (DeF) of an aquaculture system on the coast of Yantai. Table 1 e Environmental parameters and stoichiometric ratios of surface water and sediment porewater samples at the three sampling times instructions. Partial fragments of fungal small subunit (SSU) ribosomal RNA (rRNA) genes (w700 bp) were amplified with a nested PCR approach. Primers EF3 and EF4 (Smit et al., 1999) were used to amplify a region of 18S rDNA, then 1 ml of the diluted PCR product was used as template for the second amplification with the fungi-specific primers nu-SSU-0 817-5 0 and nu-SSU-1 536-3 0 (Borneman and Hartin, 2000) . PCR reaction solutions contained 1 Â PCR reaction buffer, 2.0 mM MgCl 2 , 0.4 mM dNTPs, 4 mM each primer, 0.5 units of Taq DNA polymerase (Fermentas, Thermo Scientific) and 1 ml of DNA template with a final volume of 25 ml. The program for the first round of PCR (second round in brackets) was as follows: initial denaturation at 94 C for 5 min, followed by 20 cycles (35 cycles) of denaturation at 94 C for 45 s, annealing at 51 C (55 C) for 1 min and elongation at 72 C for 1.5 min (1 min), with a final extension step at 72 C for 7 min. All PCR amplifications were conducted in a Tprofessional thermocycler (Biometra, G€ ottingen, Germany). For each sample, triplicate PCR reactions were carried out and the products were pooled to minimize PCR biases in cloning or community profiling analyses.
T-RFLP analysis
T-RFLP analysis was performed on all 32 samples. PCR was carried out as described above, except that a FAM (6-carboxyfluorescein)-labeled forward primer was used. Fifteen microliter PCR product containing 30 ng DNA was subjected to MspI (Fermentas, Thermo Scientific) digestion at 37 C for 1 hr in the dark. Digestion was done in triplicate. The labeled terminal restriction fragments (T-RFs) were analyzed using a 3130XL genetic analyzer (Applied Biosystems). The baseline threshold for signal detection was set to 50 fluorescence intensity units to eliminate background interference.
Only peaks representing T-RFs with lengths between 40 and 700 bp were included in the subsequent analysis. The resulting values were rounded up or down to the nearest integer. The primers used in this study resulted in a portion of unspecific amplification or non-fungal sequence products (see Clone Library section). To minimize the unspecific signals which undermine the reliability of T-RFLP analysis, these nonfungal (mainly metazoan and cercozoan) sequences obtained from clone libraries were identified, and their corresponding R-TFs were removed from the T-RFLP profiles in subsequent analyses. The relative abundance of each T-RF within a given T-RFLP pattern was calculated as the peak area of the respective T-RF divided by the total peak area of all T-RFs detected. Minor peaks with a relative abundance of <1 % of the total were excluded and the remaining peaks were presumed to represent phylotypes of fungi. Shannon (H ) and Simpson's (D) indices of the fungal community were calculated as
where Pi is the relative abundance of each T-RF.
Cloning, sequencing and phylogenetic analyses
To examine the differences in community composition between water and sediment samples from the two ponds, the samples collected during the first sampling were selected for cloning and sequencing. The extracted DNA from three sites in each pond were pooled to represent water and sediment samples, thus four clone libraries (FP-W, SP-W, FP-S and BP-S) were constructed. The procedures for verifying and purifying PCR products and library construction were performed as previously described (Guo and Gong, 2014 ). For each library, 100 clones were randomly selected and sequenced (Sangon Biotech, China). Chimeric sequences were identified using Bellerophon (Huber et al., 2004) and KeyDNAtools (http:// keydnatools.com/). The newly obtained 267 sequences of fungal SSU rDNA genes have been deposited in GenBank (accession numbers KJ475852eKJ476118).
To assign operational taxonomic units (OTUs), the obtained sequences were aligned using MAFFT with default parameters (Katoh and Standley, 2013) . Distance matrices based on the Jukes-Cantor model were created with the DNAdist program in Phylip 3.66 (Felsenstein, 1989) . A cutoff of 97 % sequence similarity and the furthest neighbor rule were applied to define OTUs using DOTUR (Schloss and Handelsman, 2005) . Rarefaction analysis was performed by plotting the number of phylotypes detected against the number of sequences with the aRarefactWin software package (S. Holland, University of Georgia).
Representative sequences of OTUs were subject to BLAST searches with default settings against the GenBank databases to find the closest named fungi. Representative sequences and the closest named fungus retrieved from GenBank were then aligned with our sequences using MAFFT. The primer and highly variable regions in the alignment were excluded from phylogenetic analyses. A neighbor-joining (NJ) tree was constructed using MEGA 4.0 with the K2-parameter model (Tamura et al., 2007) . A maximum likelihood (ML) tree was built with PhyML 3.0 (Guindon et al., 2009 ) using the GTR þ G þ I model, which was the best model suggested by ModelTest (Posada and Crandall, 1998) . Bootstrap analysis with 1 000 replications was applied in both phylogenetic analyses.
Statistical analyses
One-way analysis of variance (ANOVA), followed by a least significance difference (LSD) test at the 0.05 confidence level, were performed to determine differences in physicochemical variables among samples. Differences between diversity indices of T-RFs were examined with Student's t-tests or multiple comparisons following one-way ANOVA. Spearman's correlation coefficients between diversity indices and environmental variables were calculated using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). LIBSHUFF in MOTHUR (Schloss et al., 2009 ) was used to compare statistically the structure of rRNA gene libraries of water and sediment.
To explore the community variations, a BrayeCurtis similarity matrix was calculated based on the relative abundance of different T-RFs, and visualized with non-metric multidimensional scaling (nMDS) using the software PRIMER 6 (PRIMER-E, UK). Differences in community structure among samples by grouping factors (e.g. sample type, sampling time, and pond) were tested using analysis of similarity (ANOSIM) (Clarke and Gorley, 2006) . Following detrended correspondence analysis determining the length of the environmental gradient in CANOCO 4.5 (ter Braak and Smilauer, 2002), redundancy analysis (RDA) was selected to explore Environment-biota relationships for sediment and water samples.
Results
Environmental conditions
As expected, the surface water and sediment porewater had significantly different levels of nutrients (Table 1) , P < 0.001). Of surface waters, the FP had higher concentrations of NH 4 þ and PO 4 3À than the SP (P < 0.01). Of the sediment porewater, however, NH 4 þ was much higher in the SP (P < 0.001). The three samplings showed distinct changes in measured parameters, as the first sampling had higher Temp, Chl-a and PO 4 3À , the second higher DO, DSi, NO 3 À and NO 2 À in surface waters, and the third lower TOC but higher NH 4 þ and TOC in sediments (P < 0.001).
Temporal and spatial variations based on T-RFLP
A total of 74 fungal T-RFs were obtained from 32 samples (Table S1 ). Four T-RFs 43, 44, 51 and 55 bp in length occurred most frequently, being present in 30 samples. There were 21 T-RFs that appeared only once in the profiles. Dominant T-RFs (accumulative abundance > 70 % in a given sample) varied greatly among samples (Fig S1) . According to fragment length, 12 T-RFs could be linked to OTUs detected in the clone libraries (Table S2 and Table S3 ). Four T-RFs (308 and 416e418 bp) present in water samples of C1, D2, E2, A3-E3 and sediment samples of A1-F1, B2, D2-F2, A3, B3, E3 could belong to the Cryptomycota. The 566-bp and 124-bp T-RFs were putatively ascribed to ascomycetes and basidiomycetes, and appeared in samples A1, B1, D1, D2-W and A1, D1, E1, B2-E2-S; E1, F1, A2, F2-W and A1, C1, B2-S, respectively. Only one T-RF (274 bp) a possible member of the Glomeromycota, occurred in 10 samples (E2-W, A2-S and all the eight samples from the third sampling). The remaining five T-RFs were likely unclassified phylotypes, and were found in all samples except A1, E1, A2, E3-W and A2, D3-S.
In accordance with the clone library data, both Shannon and Simpson indices based on T-RFLP revealed more diverse fungi in sediment than in water samples (P < 0.01; Table 2 ). However, significantly different fungal diversities were not found among samplings (P > 0.76), nor between ponds (P > 0.069), regardless of whether sediment or water samples were considered separately or together ( Table 2) .
The nMDS ordination based on T-RFLP analysis showed both temporal and spatial patterns of fungal communities (Fig 2) . The samples collected on 10 Jan 2013 formed a group at the bottom of the plot, and, separated from the other samples at the top of the plot. This temporal pattern was supported by ANOSIM (P < 0.05) ( Table 3 ). The water and sediment samples were positioned at the top and bottom of the plot, respectively (Fig 2, P ¼ 0.001) . The distinct temporal patterns of fungal communities remained when water and sediment samples were separately analyzed (P < 0.05). Nevertheless, community differences were never detected between the two types of ponds (P > 0.60) ( Table 3) .
Correlations between fungal diversity and community structure and environmental factors Correlation analyses were performed separately on data from water and sediment samples. Neither Shannon nor Simpson indices of fungal T-RFs were significantly correlated with any environmental factors measured in this study. RDA indicated that the concentration of DSi (r ¼ 0.58, P ¼ 0.002) significantly co-varied with fungal community turnover in surface waters (Fig 3A) . In contrast, the ratio of N:P (r ¼ 0.63, P ¼ 0.002) in sediment porewater was the environmental factor that best explain the changes in the benthic fungal community (Fig 3B) .
Clone libraries
A total of 378 SSU rRNA gene sequences were obtained, of which 32 were likely chimeric. BLAST against GenBank further detected 79 non-fungal sequences. Finally, a total of 267 fungal sequences, which were clustered as 131 OTUs at the 97 % similarity level, were generated from the four libraries ( Table S2 ). Overall, the most abundant six OTUs alone represented 33.3 % of the sequences, whereas 95 OTUs were singletons (Fig S2) , accounting for 35.6 % of the sequences. Thirtyeight and 47 OTUs were detected from the two libraries of waters (FP-W and SP-W), and 41 and 36 OTUs from those of sediments (FP-S and SP-S). The 95 % confidence intervals of rarefaction curves did not overlap between water and sediment or between FP and SP samples (Fig S3) , indicating that the fungal diversities in sediment and SP were generally higher than in water and FP, respectively.
Systematic assignment and community composition
The ML and NJ trees including the sequences representing the newly obtained OTUs showed highly similar topologies (Fig 4) . Of these 131 OTUs, 55 were clustered with well-identified reference fungal species with moderate nodal supports (bootstrap values >50 %), and hence could be reasonably assigned into higher taxonomical ranks (e.g., phylum or class): most (80.5 %) belonged to the two phyla Ascomycota (23) and Basidiomycota (16); Cryptomycota and Chytridiomycota were also well represented by six and five OTUs, respectively. OTUs belonging to other phyla (i.e., Blastocladiomycota, Entomophthoromycota, Monoblepharidomycota and Glomeromycetes) were scare, with one or two OTUs being detected across the four libraries. Apart from the well classified OTUs, a large number of fungal phylotypes remain unclassified in this study. BLAST against GenBank showed that 76 OTUs exhibited relatively low similarities to well described fungal species (80e93 %, Table S3 ). Coincidently, most of these OTUs were placed basal to known taxonomical groups but with rather low nodal supports in the phylogenetic trees (bootstrap values <50 %). For example, six major clades, designated as Sea Cucumber Ascomycota clades 1e6 (SCA-1 to 6), represented by 46 OTUs obtained in this study, appeared within the phylum Ascomycota, but their classification remain putative due to lower bootstrap supports (<50 %) for the whole phylum and relationships with other known classes. Similarly, there were 24 OTUs (clades SCB-1 to 3, and SCUD-1 to 3) that appeared basal to known taxa of Basidiomycota, three (clade SCChy) and two OTUs (clade SCBla) that were basal to Chytridiomycota and Blastocladiomycota, respectively.
In terms of the sequence numbers in the libraries, Ascomycota (38.6 %) and Basidiomycota (12.7 %) were also the most abundant among the well classified fungal groups (Fig 5) . However, ascomycetes occurred more frequently in sediment Fig 2 e nMDS ordination of fungal community structure based on T-RFLP. The water (upper zone, in white) and sediment samples (lower zone, in grey) are clearly separated. The Two dashed-line circles indicate that fungal communities at the first and the third samplings differed from each other. No temporal or spatial patterns of fungal community structure are apparent structure are discernible for samples from the farming (A1-3, B1-3, and C1-2) and supply ponds (D1-3, E1-3, and F1-2).
than in water samples (46 % vs. 33 %), and the opposite for basidiomycetes (6 % vs. 17 %, Fig 5) . As for the flagellated fungi, Cryptomycota contributed similarly in both sediment (8 %) and water samples (6 %), whereas Chytridiomycota (7 %) were frequently detected in sediment but not in water samples. At the class level, the difference in fungal community composition between water and sediment samples was even more distinct for the Ascomycota: Eurotiomycetes (52 %) were abundant in the waters, but seldom detected in the sediments; Sordariomycetes (57 % vs 26 %), Pezizomycetes (26 % vs 6 %) and Leotiomycetes (6 % vs 0 %) were clearly more abundant in sediments. Nevertheless, no differences were observed for the three basidiomycete classes, Tremellomycetes (about 68 %), Atractiellomycetes (15 %), and Agaricomycetes (17 %), between water and sediment. Between water and sediment samples, there were 18 OUTs in common, of which 13 belonged to the phyla Ascomycota, Basidiomycota and Cryptomycota, and five were unclassified. Eighteen OUTs were detected in both MP and SP, of which 15 were classified within Ascomycota, Basidiomycota and Cryptomycota, with three unclassified (Fig 5) . Only two OTUs, OTU-11 of the class Sordariomycetes and OTU-24 of the class Dothideomycetes, were detected in all clone libraries (Table S2 and S3). The most frequently occurring OTU (OTU-6), accounting for 9.7 % of all sequences, belonged to the class Eurotiomycetes and was closely related to Acremonium cellulolyticus (AB474750).
Clone library comparison using LIBSHUFF showed significant shifts in species composition for all fungal taxa (P(XY) ¼ 0.0007, P(YX) < 0.0001). For individual phyla occurring in both water and sediment, significant differences in composition between the two habitats were detected for Ascomycota (P(XY) ¼ 0.0004, P(YX) < 0.0001), but not for Basidiomycota and Cryptomycota (P(XY) > 0.26, P(YX) > 0.22, Table 4 ).
Discussion
To our knowledge, this is the first molecular study simultaneously investigating planktonic and benthic fungal communities in an aquaculture system. Compared with a previous culture-dependent study which identified 27 fungal species associated with sea cucumbers from the coast of Russia, Sea of Japan (Pivkin, 2000) , our study revealed a much higher fungal richness (131 OTUs) by clone library analysis, despite a stringent definition (3 % cutoff) of fungal species-level OTUs being applied. At higher taxonomic ranks, five ascomycetous classes were found in common between the present study and culture-based investigations (Pivkin, 2000) . However, the ascomycetous class Pezizomycetes and other phyla were only detected using molecular methods in the present study (Figs 4 and 5) . This is not surprising, considering that culturedependent estimates detect only a small fraction of fungal communities and in no way represent natural diversity of fungi (Richards et al., 2012) .
Contrasting fungal community structure and composition in water and sediment habitats Our clone library analysis, nMDS plot and ANOSIM, based on T-RFLP data, consistently demonstrated that there were contrasting fungal communities in water and sediment (Figs 2  and 4, Tables 3 and 4 ). This habitat-specific fungal distribution is evident at even phylum and class levels (Fig 5) . A remarkable difference lies in zoosporic true fungi (e.g., Chytridiomycota, Blastocladiomycota, Neocallimastigomycota, Monoblepharidomycota and Entomophthoromycota), which are known as parasites of common marine algae (M€ uller et al., 1999; K€ upper et al., 2002) and amphibians (Gleason et al., 2014) . Three zoosporic phyla (i.e. Chytridiomycota, Blastocladiomycota and Monoblepharidomycota) were found in sediment but not detected in water samples (Fig 5) . Our results on zoosporic true fungi are in accordance with previous studies reporting their absence from, or low occurrence in, coastal waters (Wang and Johnson, 2009; Gao et al., 2010) , marine sponges (Gao et al., 2008) and other aquatic ecosystems (Gleason et al., 2008 (Gleason et al., , 2012a , but their frequent presence in estuarine or deep-sea sediments (Mohamed and Martiny, 2011; Nagahama et al., 2011) . These observations suggest that the sediment could represent a suitable habitat, or "seed" bank, for these zoosporic true fungi. It seems reasonable since there is a high biomass of putative hosts (e.g., micro-and macro-algae and invertebrates including the farmed sea cucumbers) in surface sediment, which will undoubtedly enhance the chance of infection or colonization by these zoosporic true fungi. In fact, OTU-128 (Ento-1) detected in our sediment is closely related to the genus Basidiobolus (phylum Entomophthoromycota), which contain species that are known as saprobes, specialized phytopathogens, or pathogens of arthropods (Humber, 2012) .
It was not unexpected that ascomycetes would occur more frequently in sediment than in waters, as surface sediment has a greater quantity and range of organic matter and regenerated nutrients, which favor these saprotrophs (Nemergut et al., 2008) . We had expected a similar pattern for the Basidiomycota, but our study actually revealed the opposite, i.e., that basidiomycetes were more common in water than in sediment (Fig 5) . In fact, Gao et al. (2010) also found that basidiomycetes were well represented in the planktonic fungal communities of Hawaiian coastal waters. Although different basidiomycetous taxa (unknown phylotypes closely related to Pucciniomycetes vs. yeast forms of Tremellomycetes in the present study) dominated, consistent results obtained from these two geographically distant locations suggest that basidiomycetes likely play a more important role in decomposing phytoplankton-derived organic matter in coastal water than in marine benthos.
Clone library comparison showed significant shifts in the community structure of Ascomycota, but not of Basidiomycota, between water and sediment ( Table 4) . The different distribution patterns of these two major fungal phyla could be attributed to their ability to decompose or utilize recalcitrant organic matter. For example, it has been shown that the basidiomycetes generally have a greater ability in decomposing leaf litter than ascomycetes (Osono and Takeda, 2006) . Both basidiomycetes and ascomycetous Xylariales are capable of decomposing lignin (Worrall et al., 1997) , but phylotypes of the order Xylariales were only detected in sediment in the current study (Fig 5) . Sediment is rich in both solid particulate and dissolved organic carbon, which favor diverse ascomycetes that are able to decompose various carbon sources ranging from simple sugars to lignocellulose complexes (van der Wal et al., 2013) .
Members of the phylum Cryptomycota are known to be parasites of chytrids, diatoms, and green algae (Jones et al., 2011; Gleason et al., 2012b; Letcher et al., 2013) , but little is known about their habitat distribution in aquatic systems. Our study has revealed similar structuring of Cryptomycota phylotypes between water and sediment samples ( Table 4 ), indicating that the parasites are more or less evenly distributed in these two habitats. Since chytrid hosts were not detected in the water samples (Fig 4) , these cryptomycetes might have been at zoosporic stages when collected, or presented as parasites of pico-and nano-sized eukaryotes. The latter view is partly supported by the recent detection of a cryptomycete (Amoeboaphelidium protococcarum) infecting the 10-mm-sized freshwater alga Scenedesmus dimorphus (Letcher et al., 2013) . Further studies on the host ranges, dynamics and distribution of Cryptomycota are needed in order to better understand their function and ecological roles in aquatic microbial food webs.
Nutrient dynamics drive the succession of planktonic and benthic fungal communities
The RDA results showed that changes in DSi concentration and the ratio of N:P could drive the successions of fungal communities in the aquaculture system during the period investigated (Fig 3A and B) . There is no direct evidence that DSi is a limiting element for fungal growth, but it is wellknown as a limiting nutrient for diatom-dominated phytoplankton. Our chemistry data clearly demonstrated that the waters were Si-limited, with ratios of DIN to DSi far higher than one, and the concentrations of DSi consistently lower than 2 mM (Table 1) , a threshold concentration that limits the growth of diatoms and the ratio of diatoms to dinoflagellates (Egge and Aksnes, 1992) . These data suggest the importance of DSi in limiting diatom biomass and in regulating the phytoplankton community (Conley and Malone, 1992) . Given that the species composition of phytoplankton potentially influences the relative importance of dissolved (DOM) and particulate organic matter (POM) production (Wetz and Wheeler, 2007) , we speculate that there is a cascading effect of DSi on the fungal community controlling the quality and quantity of phytoplankton-derived matter. That is, as a limiting element, DSi shapes the community of phytoplankton including diatoms, which as main primary producers supply DOM and POM for, and eventually regulate, the populations of aquatic heterotrophic fungi. In addition, this cascading effect of DSi has also been identified in our recent study of planktonic ciliates (heterotrophic microzooplankton) in Si-limited and N-rich waters of the Bohai and Yellow Seas (Dong et al., 2014) .
Benthic fungal communities in the aquaculture system we investigated in the present study were regulated by N:P in porewaters. As the water-sediment interface is the main place for nutrient regeneration, the link between N:P ratio and fungal community structure may indicate that the benthic fungi may be active players in anaerobic processes such as organic matter decomposition and nitrogen mineralization. Furthermore, previous studies demonstrated fungal denitrification in marine sediment Mouton et al., 2012) , which may also explain the link between fungal community structure and the nutrient structure in porewaters.
Although our study was carefully executed and revealed some new aspects of fungal diversity and ecology in coastal eutrophic environments, there are several caveats. The fungal-specific primers used have previously been suggested to be biased towards certain fungal taxonomic groups, which might lead to incomplete, but still comparable, pictures of fungal diversity (Anderson et al., 2003) . These primers could also amplify some metazoan and cercozoan sequences, as our clone library and phylogenetic analyses showed. If not removed, these hidden and unspecific signals in T-RFLP profiles might result in different interpretation of biotaenvironment relationships (see Fig S4) . Furthermore, the pre-filtration of water samples with 20 mm meshes in the present study should allow most fungi to pass through and be collected, but some large-celled forms and species tightly associated with large phytoplankton cells might have been excluded from the analysis, despite our follow-up investigations showing that fungal community composition in different size fractions (e.g., 20 mm and 200 mm) were not significantly different (Guo, unpublished data) . Lastly, as clone libraries and community profiling techniques only allowed us to document the majority of species in the community, rare fungal phylotypes (relative abundance <1 %) will be inevitably missed (Pedr os-Ali o, 2006). All of these issues undermine the accuracy of the fungal diversity revealed in the present study, but should not affect the results of testing ecological hypothesis (Bent and Forney, 2008) . r e f e r e n c e s Amend, A.S., Barshis, D.J., Oliver, T.A., 2012. Coral-associated marine fungi form novel lineages and heterogeneous assemblages. The ISME Journal 6, 1291e1301. Anderson, I.C., Campbell, C.D., Prosser, J.I., 2003. Potential bias of fungal 18S rDNA and internal transcribed spacer polymerase chain reaction primers for estimating fungal biodiversity in soil. Environmental Microbiology 5, 36e47. 
